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Abstract 
For thin-film solar cells, the properties of the front transparent conductive oxide (TCO) electrode is an important 
factor in determining the overall performance of the solar cells. An efficient light trapping scheme is required to 
increase the optical light path and thus enhance the photon absorption within the solar cells. Improved photon 
absorption is necessary to increase the short-circuit current density (Jsc) and thus the efficiency of cells. In this paper 
we report the results of the texturing of aluminium-doped zinc oxide (ZnO:Al or AZO) thin films for enhanced light 
scattering. AZO films were deposited onto soda-lime glass sheets by in-line DC magnetron sputtering. An effective 
AZO texturing method was developed using diluted hydrogen chloride (HCl) and hydrogen fluoride (HF) acids 
through either a two-step etching or a mixed etching process, which significantly improves the uniformity of the 
textured surface. Texturing based on HCl and HF combines the advantages of the large craters created by HCl etching 
and smaller jagged but uniform features resulting from HF etching. In this work, we demonstrate that by adopting the 
two-step or the mixed texturing method, it is possible to achieve high haze values of above 40% with very low 
surface roughness values. The combination of low surface roughness and high haze is beneficial to prevent shunting 
issues, and is thus very attractive for the fabrication of thin-film silicon solar cells. 
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1. Introduction 
Transparent conductive oxides (TCOs) are extensively utilised in thin-film photovoltaic devices as 
front contact electrodes. As an alternative to wafer-based solar cells, thin-film silicon (Si) solar cell 
technology greatly reduces the Si material consumption [1]. However, due to the very thin active absorber 
layer (e.g. ~ 250 nm for amorphous and 1.5 to 2 μm for microcrystalline silicon [2]), thin-film solar cells 
require a more effective light management scheme to scatter as much of the incoming light as possible 
into the Si absorber layer to trap photons and enhance the photon absorption within the Si layer [3]. Better 
light trapping assists in improving the short-circuit current density (Jsc) and thus increasing the efficiency 
of the thin-film Si solar cells.  
 
Common TCO materials are tin-doped indium oxide (ITO), fluorine-doped tin oxide (FTO) and 
impurity-doped (e.g. Al, Ga, B) zinc oxide [4]. Nowadays aluminium-doped zinc oxide (ZnO:Al or AZO) 
films are becoming increasingly favourable as the front contact and window layer for superstrate thin-film 
solar cells, owing to advantages such as low cost, non-toxicity, stability against a hydrogen plasma 
environment and easy post-deposition texturing by wet-chemical etching for light management [5-7]. 
 
In general, depending on the deposition techniques, the surface texture of ZnO polycrystalline films is 
obtained either through wet chemical etching (resulting in crater-like features) in weak or diluted acid for 
magnetron sputtered films or during the deposition process itself (giving pyramid-like features) by the low 
pressure chemical vapour deposition (LPCVD) method [8, 9]. The post-deposition etching of magnetron 
sputtered AZO films using different acids such as hydrogen chloride (HCl), nitric acid (HNO3), oxalic 
acid (H2C2O4) and hydrogen fluoride (HF) are reported widely [10-16]. Texturisation of magnetron 
sputtered AZO by HF could result in rather sharp features [13], which are more likely to cause shunting 
issues in the final solar cell device. Whereas the texturisation of AZO using HCl may suffer from 
uniformity issues since HCl acid is reported to be less homogeneously attacking the etching sites of 
polycrystalline AZO films [10]. Therefore in this work, we prepared AZO films with a high visible 
transmission value (> 85%) and a low resistivity of approximately 8×10-4 cm (sheet resistance < 10 / ) 
by DC magnetron sputtering. Subsequently two-step texturing and mixed texturing procedures based on 
diluted HCl and HF aqueous solutions were systemically investigated for texturing the AZO films. 
2. Experimental details 
2.1. Preparation of AZO samples 
AZO thin films were deposited onto planar A3 size (30×40 cm2) soda-lime glass sheets by pulsed DC 
magnetron sputtering (FHR, Germany). A cylindrical aluminium-doped (2 wt%) zinc oxide ceramic 
target was used for the deposition of the AZO films. During deposition, the heater temperature was 
maintained at 350 C while the chamber pressure was maintained at 3×10-3 mbar by keeping constant Ar 
and Ar+O2 (1%) flow rate, and 2 kW power was applied to sputter the cathode. Prior to deposition the 
glass substrate was pre-heated for 10 minutes in order to achieve better film crystallinity. 
 
The glass sheet was vertically attached on a moving carrier and allowed to oscillate in front of the 
AZO sputter cathode for 18 times at a speed of 15 mm/s. This multiple pass deposition potentially results 
in a lower pinhole density which could benefit the subsequent etching process [17]. After deposition, the 
AZO-coated glass sheets were cut into 12 square pieces (each 10×10 cm2) for the wet-chemical texturing 
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experiments. The texturing studies of AZO films were carried out by one-step etching in HF, two-step 
and mixed etching procedures based on HCl and HF acids. 
 
All the acids used for texturing of AZO films were diluted into aqueous solution represented as volume 
fraction (v%). Although diluted HF solution can still attack the glass substrate, the reaction proceeds at a 
quite slow rate and barely affects the surface flatness of the glass substrates [10]. Hence the influence of 
glass etching was completely neglected in this study. 
2.2. Characterisation 
In order to understand the optical properties of AZO films, a double beam UV/VIS/NIR spectro-
photometer with an integrating sphere (PerkinElmer, LAMBDA 950, USA) was employed to record the 
reflectance, diffuse and total transmittance spectrum from 400 to 1400 nm before and after the 
texturisation of AZO films. The diffuse transmittance was measured by opening a port at the rear of the 
integrating sphere and thereby letting the non-scattered transmitted light escape from the integrating 
sphere. The haze value was calculated using 
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T
H
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where H, Tdiff and Ttotal are the haze value, the diffuse transmittance, and the total transmittance, 
respectively. The haze value is utilised to distinguish the light scattering properties of various surface 
morphologies resulting from texturing the AZO. 
 
The surface morphology of the textured AZO was investigated by scanning electron microscopy (SEM, 
Carl Zeiss Auria-39-35, Germany) and atomic force microscopy (AFM, Veeco Instrument NanoScope 
D3100, USA). The AZO thickness was measured from SEM images in a cross-section view (see Fig. 1). 
For AFM measurements, the scanning area was fixed as 10×10 μm2 and measured in the near central 
region of the sample by tapping mode. The root-mean-square (RMS) roughness derived from the AFM 
measurements represents the surface roughness level of textured AZO films. 
 
 
Fig. 1. SEM image of the textured AZO sample in cross-section view with a magnification of 30000. 
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3. Results and discussion 
3.1. Texturing of AZO using HF acid 
AZO films were textured using HF acid alone, whereby the etching time was varied from 15 to 120 s. 
For comparison both 0.5% and 1% diluted HF solutions were utilised. During the etching process, it was 
observed that the etching rate of 1% HF is much higher than that of 0.5% HF. Figure 2 shows the spectral 
transmittance, absorbance and haze value of AZO films textured using 0.5% or 1% HF solutions. For 
0.5% HF texturing, the haze value increased slowly (from 34% to 44% at 600 nm) after 60 s etching. 
Whereas the haze value was found to be saturated after 60 s etching in a 1% HF solution [see Fig. 2(d)]. 
A very high visible haze value of 54% at 600 nm wavelength with RMS roughness of 54.7 nm was 
achieved for the films etched in 1% HF for one minute. 
 
Solely HF etching introduces uniform, but small and jagged surface features with average lateral size 
ranging from 100 to 200 nm [see e.g. Fig. 6(a)]. This jagged topography was caused by deep penetration 
of HF molecules. As a weak acid, HF tends to only slightly disassociate in the water. Due to this small 
molecular size, HF can penetrate deep inside before reacting with defects [15]. Such small-sized features 
cannot effectively scatter visible light into the absorber. Therefore, the texturisation of AZO using HF 
alone may not be able to provide effective light trapping as required in thin-film Si solar cells. 
 
 
Fig. 2. Total transmittance and absorbance (a, c) and haze (b, d) as a function of wavelength for HF textured AZO using 0.5% HF 
(left) or 1% HF (right) solutions. Arrows indicate the trends for increasing HF etching time. 
3.2. Two-stage texturing of AZO in HCl and HF acid 
The idea of two-step texturing is to smoothen the HCl-textured surface and also to improve the 
uniformity of HCl-induced features by further HF etching. Initially the AZO samples were textured in 0.5% 
HCl for 20 s (step-1), and then further etched in 1% HF (step-2) for different duration from 0 to 50 s 
[noted as HCl + HF etching in Fig. 3(a, b) and Fig. 4(a-g)]. The initial AZO thickness was around 1.8 μm. 
After 20 s HCl etching, the thickness decreases to 1.45 μm. The 2nd-step HF etching further reduces the 
thickness to 750 nm at an etching rate of approximately 15 nm/s. 
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Fig. 3. Total transmittance and absorbance (a) and haze (b) as a function of wavelength for two-step textured AZO by HCl + HF 
etching. Arrows indicate the trends for increasing duration of 2nd-step HF etching. 
The optical transmittance, absorbance and haze variations as a function of wavelength measured for 
these double textured AZO films are depicted in Fig. 3(a, b). From the profiles, it is apparent that the 
AZO films becomes more scattering as the 2nd-step HF etching time increases [see Fig. 3(b)], which is 
represented by the increase of haze value from 25.1% to 56.6% at 600 nm. Although the haze shows a 
significant increase, the tranmission is almost not affected with a value of 70 ± 3 % at 600 nm [see Fig. 
3(a)] after 2nd-step etching in HF for different time duration. 
 
Figure 4(a-d) and Fig. 4(e-g) show the SEM and AFM 3D surface morphology of these textured AZO 
films. From these micrographs it is evident that with increasing HF etching time small jagged features 
evolve and superimposedly grow on the HCl-induced craters, which is shown in Fig. 4(a) to Fig. 4(d). 
Even after a relatively long 2nd-step etching in HF (e.g. 40 s of 2nd-step HF etching is twice the time of 1st-
step HCl etching), the HCl-induced features still remain and dominate the surface [see Fig. 4(d)]. Hence, 
if strong scattering is desired, it is better to utilise HCl to texture AZO first and then modify the features 
by 2nd-step HF etching. 
 
Fig. 4. SEM images of textured AZO by 0.5% HF etching for 20 s and further 0.5% HCl etching for (a) 0 s; (b) 10 s; (c) 20 s; (d) 40 
s; as well as AFM 3D images for (e) 0 s; (f) 10 s; (g) 20 s; All the SEM surface morphologies were observed under a tilt angle of 
60° and a magnification of 25000. 
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3.3. Texturing of AZO in mixed HCl and HF acid 
The concept of mixed texturing is to combine the advantages of the large HCl-induced craters and 
smaller jagged but uniform features induced from HF etching in a single processing step. For comparison, 
two sets of experiments were carried out to investigate the etching effects of mixed acid solutions. The 
first set kept the HF concentration constant at 1% and varied the HCl concentration from 0 to 1%. The 
other set varied the HF concentration from 0 to 1% while the HCl concentration was fixed at 0.5%. For 
the mixed texturing, the etching times were fixed at 30 s, which is the typical etching time used for 
texturing AZO films in 0.5% HCl solution.  
 
The initial AZO thickness was around 1 μm before texturing. While increasing HCl concentration 
from 0 to 1% (with 1% HF), the etching rate gradually increases from 4.5 nm/s to 11.5 nm/s. As a 
comparison, the etching rate increases from 5 nm/s and stabilizes at around 10 nm/s when the HF 
concentration increases from 0 to 0.4% and above (with 0.5% HCl) in the mixture solution.  
 
Figure 5 (a-d) shows the optical transmittance, absorbance and haze variations as a function of 
wavelength measured for these AZO films textured using mixed HF/HCl solutions. It was observed that 
the concentration variation of HCl shows little difference on the visible transmittance, and the 
enhancement of near infra-red (NIR) transmittance is mainly due to the reduced thickness and free carrier 
absorption [see Fig. 5(a)]. The corresponding haze value gradually increases from 18.5% and finally stays 
constant around at 35 ± 3 % at 600 nm while the HCl concentration increases from 0 to 1% as indicated in 
Fig. 5(b). 
 
By contrast, the optical property of textured AZO films is much less sensitive to the HF concentration. 
Both the transmittance (~ 75 ± 2 % at 600 nm) and the haze value (increases from 23% to 27% at 600 nm) 
slightly changes while increasing the HF concentration from 0 to 1% [see Fig. 5(c) and Fig. 5(d) 
respectively]. Especially for spectral haze, the profile lines almost overlap with each other for the 
wavelengths longer than 600 nm, as shown in Fig. 5(d), which is due to the limited scattering ability of 
long-wavelength lights from these small-sized surface features induced from HF etching. 
 
 
Fig. 5. Total transmittance and absorbance (a, c) and haze (b, d) as a function of wavelength for mixed textured AZO by increasing 
either HCl concentration (left) or HF concentration (right). Arrows indicate the trends for increasing HCl (left) or HF (right) 
concentration. 
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Figure 6(a) to Fig. 6(e) show the surface morphology variation of these AZO films textured in mixed 
HCl and HF solution for various concentrations. It was observed that as the HCl concentration increases 
from 0 to 1%, the resulting texture features vary from small, sharp but uniform features like solely etched 
in HF [see Fig. 6(b, c)] to large craters features like etched in HCl alone [see Fig. 6(d, e)]. A similar 
transition process was also observed by other researchers in their AZO texturing studies [10]. However 
this transition is not smooth and one acid etching process may totally dominate the other during the AZO 
texturing [10]. For instance, when the HCl concentration is below the threshold value, the texturing 
process is dominated by HF etching and thus the textured AZO films show small and sharp features 
similar to that of HF etch alone as seen in Fig. 6(a). In this work, an HCl concentration of ~ 0.6% can be 
considered as the transition threshold value which distinguishes these two sorts of topographies (HF 
etched-like features or HCl etched-like features). 
 
In comparison, as the HF concentration increases from 0 to 1%, the transition of surface morphology is 
rather smooth and no sudden change of textured features was observed [see Fig. 6(f) to Fig. 6(j)]. From 
these micrographs, it is evident that the resultant surface features gradually become sharper and 
meanwhile the lateral size of the crater diminishes, when more HF acid is added into the mixture solution.  
 
Fig. 6. SEM images of textured AZO by various mixed acids of HCl (v%) versus HF (v%). Specifically (a) 0:1; (b) 0.2:1; (c) 0.4:1; 
(d) 0.6:1; (e) 1:1 as well as (f) 0.5:0; (g) 0.5:0.2; (h) 0.5:0.4; (i) 0.5:0.6; (j) 0.5:1. All the SEM surface morphologies were observed 
under a tilt angle of 60° and a magnification of 25000. 
The previous published results have indicated that HF texturing was able to boost the short-circuit 
current density of microcrystalline silicon solar cells by 18%, from 19.1 to 22.5 mA/cm2, in comparison 
with HCl texturing [10]. And the lower fill factor (FF) and open-circuit voltage (Voc) issues caused by the 
sharp surface features resulted from HF etching can be overcome by the two-step or mixture texturing 
process. Moreover, the two-step texturing could further increase the Jsc to 22.8 mA/cm2 with an efficiency 
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boost from 7.6% to 8.2%. The corresponding haze value of textured AZO films increases from 36% to 
45% at 600 nm [14]. In general, the two-step and mixture etching provides a novel approach to modify 
the surface features and thus enhance the light trapping ability. 
4. Conclusion 
In this work, wet-chemical texturing of DC magnetron sputtered AZO thin films was studied using 
solely HF etching, two-step etching and mixed etching based on diluted HF and HCl solutions. With 
respect to the two-stage texturing, it is preferred to utilise HCl to texture AZO first and then modify the 
features by further HF etching in order to achieve high haze values, which could result for stronger light 
scattering. In terms of the mixed etching, the texture features greatly depend on the acid concentration 
ratio between HF and HCl since one etching process may dominate the other during the reaction. With 
suitable texturing strategy, it is possible to achieve a desired surface structure with strong scattering 
ability and low surface roughness for the fabrication of single and double junction thin-film Si solar cells. 
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